Rises in levels of the steroid hormone 20-hydroxy-ecdysone (20E) are known to direct major developmental transitions in the fly life cycle. The responses to 20E are usually mediated by transcriptional regulatory functions of a heteromeric nuclear receptor, consisting of EcR and the fly orthologue of the vertebrate RXR receptor, Ultraspiracle (Usp) (Riddiford et al., 2000; Thummel, 1996) . EcR:Usp binding to ecdysone response elements (EcRE) can mediate repression in the absence of ligand and activation when the ligand is present Riddiford et al., 2000) . Many direct targets of EcR:Usp are gene regulators themselves. Their cross-regulatory activities and differential activation depending on 20E titres appear to organize a temporal series of gene activities that bring about the biological responses to the hormone (Buszczak and Segraves, 2000; Riddiford et al., 2000; Thummel, 2002) . A rise in 20E levels is required for embryo development and occurs between 6-10 h of development, with a peak at 8 h (stage 12, Maró y et al., 1988). At this time gastrulation is completed and organ primordia have just formed. Five enzymes essential for embryonic 20E biosynthesis are encoded by spook (spo), phantom (phm), disembodied (dib), shadow (sad) 
Introduction
Rises in levels of the steroid hormone 20-hydroxy-ecdysone (20E) are known to direct major developmental transitions in the fly life cycle. The responses to 20E are usually mediated by transcriptional regulatory functions of a heteromeric nuclear receptor, consisting of EcR and the fly orthologue of the vertebrate RXR receptor, Ultraspiracle (Usp) (Riddiford et al., 2000; Thummel, 1996) . EcR:Usp binding to ecdysone response elements (EcRE) can mediate repression in the absence of ligand and activation when the ligand is present Riddiford et al., 2000) . Many direct targets of EcR:Usp are gene regulators themselves. Their cross-regulatory activities and differential activation depending on 20E titres appear to organize a temporal series of gene activities that bring about the biological responses to the hormone (Buszczak and Segraves, 2000; Riddiford et al., 2000; Thummel, 2002) .
A rise in 20E levels is required for embryo development and occurs between 6-10 h of development, with a peak at 8 h (stage 12, Maró y et al., 1988) . At this time gastrulation is completed and organ primordia have just formed. Five enzymes essential for embryonic 20E biosynthesis are encoded by spook (spo), phantom (phm), disembodied (dib), shadow (sad) and shade (shd) (Chavez et al., 2000; Namiki et al., 2005; Niwa et al., 2004; Ono et al., 2006; Petryk et al., 2003; Warren et al., 2002) . In embryos mutant for any of these genes, abnormal morphogenetic movements become apparent around stage 14 (10.3-11.3 h), including early arrest in head involution and dorsal closure and aberrant hindgut looping. The mutants also show altered number and differentiation of glial cells and fail to produce a differentiated cuticle towards the end of embryogenesis (Chavez et al., 2000; Giesen et al., 2003; Jurgens et al., 1984; Kozlova and Thummel, 2003; Niwa et al., 2004; Ono et al., 2006; Petryk et al., 2003) .
Despite the broad and critical effects of 20E on embryonic development, the function of EcR and Usp in the embryo has remained unclear. EcR null mutations cause embryonic lethality with reported subtle defects in denticle size and occasional mouthpart abnormalities . This phenotype is mild compared to the defects caused by loss of 20E and might be due to maternal EcR mRNA loaded into the egg (Talbot et al., 1993) . Embryos lacking EcR can however not be generated, since EcR is required for oogenesis (Buszczak et al., 1999) . usp mRNA is also deposited in the egg by the mother, and zygotic usp mutants develop into normal first instar larvae that fail to complete the molt to second larval instar. Upon additional removal of maternal usp, the embryos die around hatching with a small ventral cuticular scarring, and no reported defects in morphogenesis (Oro et al., 1992; Perrimon et al., 1985) . This lack of morphogenetic defects may reflect Usp-independent 20E functions, or could be due to the hypomorphic nature of the usp alleles used in these studies (Henrich et al., 1994) .
Intriguingly, EcR and Usp appear to have spatially restricted activities in the embryo that do not correlate with tissues affected upon loss of 20E. A GAL4-based ligand sensor system (which assays in vivo activities of the ligand-binding domain of nuclear receptors fused to the GAL4 DNA-binding domain) reveals embryonic EcR and Usp activity selectively in the extra-embryonic aminoserosa (Kozlova and Thummel, 2003; Palanker et al., 2006) . Similarly, expression of a multimerized EcR response element that drives lacZ expression (EcRE-LacZ, Koelle et al., 1991) appears restricted to the amnioserosa at the time of the 20E pulse (Kozlova and Thummel, 2003) . Furthermore, expression of a dominant negative form of EcR (EcR-DN, Cherbas et al., 2003) in the amnioserosa and the germband caused defects in germband retraction (Kozlova and Thummel, 2003) , although this process is not affected by zygotic 20E. However, Kozlova and Thummel also reported that temporal and global expression of EcR-DN under a heatshock promotor causes additional defects in head involution and cuticle deposition, suggesting that EcR may mediate at least some of the mid-embryonic 20E functions.
We previously observed that embryonic 20E affects expression of mummy (mmy), a Halloween gene that encodes a pyrophosphorylase required for UDP-GlcNAc synthesis (Tonning et al., 2006) . Upon loss of 20E, mmy expression is reduced in the trachea and prematurely activated in the epidermis. To better understand this modulating effect of 20E on gene expression, we investigated the embryonic ecdysone-signalling pathway. Using EcR mutants and tissue-specific expression of EcR-DN, we show that EcR is required for head involution, dorsal closure, tracheal and midgut morphogenesis, and cuticle differentiation, and that these functions are mediated by tissue-autonomous EcR activities. By re-investigating the EcRE-LacZ expression pattern at the time of the 20E pulse, we find a broader expression than previously observed, but that the pan-embryonic EcR functions still are not fully reflected by this activity assay. We also characterised and used the hypomorphic usp ActD148 allele (Wahlstrom et al., 2006) to show that reduced Usp functions cause embryonic defects like those produced by reduced EcR functions. Finally, we show that embryonic 20E via EcR instructs the temporal expression of a set of gene regulators, common to the metamorphic 20E response, that are needed for late embryogenesis. We conclude that 20E through EcR:Usp has a major gene regulatory impact on embryonic organogenesis, and possibly facilitates co-regulated organ development.
Results

Arrest in organ morphogenesis upon loss of 20E
To visualize the morphogenetic defects caused by loss of 20E, we stained shadow (sad) and shade (shd) mutant embryos for the epithelial protein Fasciclin 3 (Fas3). Both mutants show major defects in dorsal closure, head involution and midgut constrictions (Fig. 1A-D and not shown, see also (Petryk et al., 2003) . The defects in the head-region and epidermis appear to be as a result of a morphogenetic arrest in head involution and dorsal closure at stage 14, and the midgut proceeds through development with aberrant constrictions and fails to close and form the four compartments typical for stage 16 embryos ( Fig. 1C and D) . Since tracheal morphology was not clearly seen with anti-Fas3-staining, we used the 1-eve-1 tracheal lacZ enhancer-trap (tra-LacZ), which labels all tracheal cells from stage 11. We find that both mutants stall in tracheal branching morphogenesis at stage 14 ( Fig. 1E-H ). In addition, they fail to stain with antibody 2A12 that labels the wild-type tracheal lumen from stage 14 ( Fig. 1E 0 -H 0 ). The defects do not appear to result simply from a developmental delay, as shown by defects in head involution, dorsal closure and tracheal branching morphogenesis also in sad mutant embryos aged to stage 17 (Fig. S1 ). In the above and all further studies, we analysed sad and shd mutants in parallel, and since the mutant phenotypes were indistinguishable we only show the sad mutants below. Despite the stall in morphogenesis, late sad and shd mutant embryos are moving within their eggshell and accumulate chitin in the epidermis during stages 16 and 17 ( Fig. 1I and J), indicating that the embryos continue to develop until the end of embryogenesis. Thus, loss of 20E does not cause mid-embryonic lethality, but morphological defects that prevent them from hatching. This is consistent with findings that loss of dib, encoding another enzyme required for 20E biosynthesis, does not cause increased levels of apoptosis in late embryos (Chavez et al., 2000) . A 2-h exposure of 5-7 h old sad or shd mutants embryos to 20E was sufficient to rescue the morphogenetic defects in the mutants and to produce viable first instar larvae ( Fig. 1K and L) , but a similar treatment of older embryos had little rescuing effects (not shown). Thus, a single mid-embryonic 20E pulse appears critical for comple-tion of head involution, dorsal closure, tracheal and midgut morphogenesis past stage 14, as well as cuticle differentiation in the late embryo.
2.2.
EcR is required for embryonic organ development were labelled for Fas3 to outline organ epithelia. The homozygous mutant embryos do not hatch, and of 20 analysed mutants, all showed incomplete head involution and abnormal midgut morphogenesis at late stage 16 ( Fig. 2A, C, F and H) . Moreover, 14 of the embryos had incomplete dorsal closure ( Fig. 2B and G) . The defects in dorsal closure and head involution are evident also in late stage 17 embryos, as assessed by cuticle preparations (Fig. S2) . To visualize the tracheal system we labelled with 2A12, and found that the mutants show reduced 2A12 expression in the tracheal dorsal trunks ( Fig. 2D and I ). We also observed that 13 of 20 mutants developed bloated tracheal dorsal trunks ( Fig. 2E and J) . In some EcR mutant embryos, the incomplete phenotypic penetrance leads to arrest in certain developmental processes while others proceed, exemplified by continuation of tracheal dorsal branch elongation despite arrest in dorsal closure ( Fig. 2P and Q) . Altogether, we conclude that EcR is required for morphogenesis of different epithelial organs. The mild phenotype, compared to loss of 20E ( Fig. 1B and D) could be due to maternal contribution of EcR mRNA and protein (Talbot et al., 1993) .
Usp is required for embryonic morphogenesis
EcR and Usp can be co-immunoprecipitated from embryonic extracts (Sedkov et al., 2003) , but Usp has not yet been shown to be required for embryonic organ development. Rather, usp mutant embryos generated from usp mutant germ line (maternal
) die around hatching with few morphological defects (Oro et al., 1992; Perrimon et al., 1985) . The usp alleles used in these studies (usp 3 and usp 4 ) encode stable proteins with impaired DNA-binding domains (Henrich et al., 1994) and are thus hypomorphic alleles. To address a possible embryonic requirement for Usp, we first attempted to generate embryos lacking usp, using a protein null allele (usp 2 ), but failed to obtain sufficient embryos derived from usp 2 mutant germ cells for analysis, possibly because this allele is caused by an interchromosomal transposition (Oro et al., 1990) . We next investigated the requirement for embryonic Usp by using the usp ActD148 allele (Wahlstrom et al., 2006) . Genomic sequencing revealed that the usp ActD148 deletion removes the 5 0 region of usp, the first exon of a actinin (Actn) and part of CG4325 (Fig. 2R ). CG4325 appears not to be an essential gene, since a genomic deletion that removes moody and CG4325 (D18) is male semi-lethal and the lethality is rescued by a genomic fragment that contains moody, but not CG4325 (Bainton et al., 2005) . Actn also appears to be non-essential since Actn mutant flies are normal and fertile (Wahlstrom et al., 2004) . We find that usp 
Embryonic organ development requires tissueautonomous EcR functions
EcR and Usp proteins are ubiquitously expressed in the embryo, but have previously been seen to be active only in the amnioserosa at the time of the 20E pulse (Kozlova and Thummel, 2003) . Given the requirement for EcR and Usp in different embryonic organs, we re-examined embryonic EcR:Usp activities using EcRE-LacZ (Koelle et al., 1991) , which reflects in vivo EcR:Usp activity (White et al., 1999) . By antibody labelling for b-gal, we found that EcRE-LacZ is turned on in the visceral mesoderm and head-region from stage 12, and later (stage 13/14) in the amnioserosa (Fig. 3A-C) . We could however not detect tracheal or general epidermal The genomic lesion in usp ActD148 is indicated by a grey box and spans 2404 bp. Regions corresponding to identified cDNAs are drawn in green and the respective coding regions in orange. The usp ActD148 deletion removes the 5 0 region of usp, the first exon of a actinin (Actn) and the entire CG4325. The genomic regions spanned by the D18 deletion and the genomic rescue fragment, used by Bainton et al., 2005 , and l10 are indicated.
EcRE-lacZ-expression at any stage of development. The observed expression of EcRE-LacZ strictly depends on 20E (Fig. 3F) , as it is absent in phm mutants that are defective in embryonic 20E biosynthesis. Moreover, upon incubation of young embryos (0-5 h) for 2 h in 20E, we detected premature EcRE-LacZ expression that was prominent in the visceral mesoderm only (Fig. 3D-E) . Thus, detectable levels of EcRELacZ expression do not appear to fully reflect the spatial distribution 20E, or all tissues in which EcR is required.
To test whether amnioserosal EcR activity is required for organ morphogenesis, we directed expression of EcR-DN (UAS-EcR-W650A, Cherbas et al., 2003) to the developing amnioserosa, driven by the GAL4 insertion c381. However, we did not find that such expression causes defects in 20E-dependent processes, including tracheal development (Fig. S3) . We next asked whether EcR activity in the visceral mesoderm might affect embryonic development, and expressed EcR-DN in the mesoderm, using the twist-GAL4 driver. The visceral mesoderm lines the midgut endothelium and is required for midgut closure and constriction (Tepass and Hartenstein, 1994) . Strikingly, all embryos showed arrested midgut morphogenesis. Fig. 4A and B show an embryo with completed dorsal closure, tracheal dorsal branch fusions and head involution, which normally are seen only in stage 16 embryos, yet the shape of the midgut is that of a stage 15 embryo (Fig. 4A) . Co-expression of EcR (UAS-EcRA and UAS-EcRB2) was sufficient to rescue the midgut phenotype ( Fig. 4A and not shown) , and the rescuing effect was not simply due to titration of the GAL4 transcription factor, since coexpression of UAS-Actin-GFP did not have any effect (not shown). Thus, mesodermal EcR activity appears required for midgut development.
Since mesodermal EcR-DN expression had no detectable effects on other organs, we reasoned that EcR might have functions not reflected by EcRE-LacZ expression. To test this, we expressed EcR-DN in tracheal cells from stage 11 using btl-GAL4. These embryos developed to hatching larvae, but all with defective tracheae. When the embryos were reared at 20°C, the defects appeared like those of zygotic EcR
M554fs
and EcR
V559fs mutants with reduced levels of 2A12-staining and bloated tracheal tubes (Fig. 4C) . Following embryonic incubation at 29°C for 3 h between stages 9-11 (to enhance EcR-DN expression), the phenotypic severity approached those of sad and shd mutant embryos, with impaired branch growth and severely reduced levels of 2A12-staining ( Fig. 4D and E). The tracheal phenotypes were also completely rescued by the simultaneous expression of EcR, arguing that they were due to loss of EcR function. We finally asked whether EcR is required tissue-autonomously for head involution, dorsal closure and cuticle deposition, by expressing EcR-DN in the ectoderm, using the 69B GAL4 insertion. 69B drives expression of UAS-target genes strongly in the salivary glands, weaker in the epidermis and trachea, and also in the amnioserosa. When incubating the embryos at 29°C for 3 h between stages 9-11, most embryos exhibited impaired head involution and dorsal closure, as well as reduced cuticular structures (Fig. 4F and G and  Fig. S3 ). These phenotypes were not seen upon co-expression (Fig. S3) . (G) Ectodermal EcR-DN expression also causes reduced head skeleton (arrowheads) and denticle belts (arrows). All phenotypes were rescued by co-expression of UAS-EcRA (EcR DN + EcR) or
UAS-EcR-B (not shown).
of EcR. Together, the results imply that 20E causes pan-embryonic EcR activity that is needed in individual tissues for concurrent morphogenetic progression.
Tissue-specific induction of 20E-response genes via EcR
During larval and metamorphic 20E responses, EcR:Usp heterodimers activate a hierarchy of downstream gene regulators (King-Jones and . Whole-embryo transcript analyses have shown that some of these factors are expressed in a wave-like manner also during embryogenesis (Beck et al., 2004) . However, zygotic mutants for many known 20E-response genes survive embryogenesis, including broad, Eip74EF, Eip78C, Hr4 and Hr39 (Allen and Spradling, 2008; Fletcher et al., 1995; Kiss et al., 1988; Russell et al., 1996) , suggesting that they are not required or act redundantly during embryogenesis. Blimp-1 is dynamically expressed during early embryo development, and by stage 12/13 the expression is evident in the trachea and epidermis. In sad mutant embryos older than stage 12, no tracheal and epidermal Blimp-1 expression is detected. (D) bftz-f1 expression increases towards the end of embryogenesis in the wild-type (stage 16), but not in sad mutant embryos. Homozygous sad/sad embryos were identified by their lack of balancer chromosome (GFP +ve staining), and non-mutant transcript expression is shown either in the wild-type or in sad/Tm3,GFP heterozygous embryos co-labelled for GFP (brown).
The zygotic functions of two primary 20E-response genes in larval cells, the nuclear receptors, Eip75B (E75) and Hr46 (Dhr3), are, however, required for embryonic viability (Bilder and Scott, 1995; Carney et al., 1997) . To test if these are targets of embryonic 20E, we analysed their expression in wild-type and 20E-deficient embryos. In situ hybridizations revealed that Eip75B and Hr46 expression is turned on in the wild-type at stage 12, correlating in time with the 20E pulse ( Fig. 5A and  B) . The transcripts are first seen in the midgut, and later (stage 14 for Hr46 and stage 15 for Eip75B) in the trachea and epidermis. No Eip75B or Hr46 transcripts were detected in sad mutants at any stage of development ( Fig. 5A and B) . In addition, when young wild-type embryos (3-5 h after egglaying) were exposed to exogenous 20E, Eip75B and Hr46 transcripts were detected prematurely in the midgut from stage 10 ( Fig. 5A and B) , showing that 20E instructs their temporal onset.
Additional 20E-response genes have been identified in cultured larval cells (Beckstead et al., 2005) . Among these was Blimp-1, which encodes a SET-domain protein required for late tracheal morphogenesis. Indeed, Blimp-1 mutants develop bloated tracheal tubes (Ng et al., 2006) , similar to those we observed in embryos with reduced EcR and Usp functions ( Fig. 2J and O) . Blimp-1 is expressed in stripes in the early embryo, but from stage 12 it is prominent in the trachea and epidermis (Fig. 5C , Ng et al., 2006) . sad and shd mutants show normal Blimp-1 expression in early embryos, but from stage 12 onwards no Blimp-1 transcript is detected in the trachea or epidermis, arguing that Blimp-1 is another embryonic 20E-response gene (Fig. 5C ). To confirm that induction of the three 20E-targets, Eip75, Hr46 and Blimp-1, also depend on EcR, we analysed embryos with reduced tracheal EcR activity caused by tracheal EcR-DN expression. In such embryos, all three transcripts are reduced in levels selectively in tracheal cells, and the expression is restored upon co-expression of EcR (Fig. 6A-C) . bftz-f1 encodes another nuclear receptor that is induced by post-embryonic 20E pulses as a late response gene. In the embryo, bftz-f1 transcript levels increase towards the end of embryogenesis and bftz-f1 is required for embryonic viability (Yamada et al., 2000) . We found that this late embryonic bftz-f1 expression also depends on 20E, as sad and shd mutant embryos display severely reduced bftz-f1 expression at late embryonic stages (Fig. 5D) . Thus, while Eip75B, Hr46 and Blimp-1 are early 20E-response genes, bftzf1 appears to be a late response gene in the embryo. During metamorphosis, Hr46 induces expression of bftz-f1, while Eip75B inhibits this induction by forming a complex with Hr46. Accordingly, the onset of bftz-f1 is permitted first when Eip75B disappears (White et al., 1997) . The embryonic expression of Hr46, Eip75B and bftz-f1 suggests that a gene regulatory hierarchy, reminiscent to that of post-embryonic stages, is activated by embryonic 20E. 3.
Discussion
Here, we have addressed the embryonic ecdysone-signalling mechanism. Our results are consistent with EcR:Usp mediating the effects of embryonic 20E and argue that EcR:Usp act tissue-autonomously to promote concurrent developmental progression of different organs. We further show that embryonic 20E induces the expression of early and late response genes known to be required for embryogenesis, implying that 20E initiates a cascade of gene regulatory activities that helps bring about the effects of 20E during the second half of embryogenesis. The mid-embryonic 20E pulse therefore provides a critical temporal gene regulatory input on individual organs that has been largely overlooked in studies of embryonic organ morphogenesis.
The embryonic ecdysone receptor
Our results show that reduced functions of EcR or Usp produce similar embryonic defects in head involution, dorsal closure and tracheal morphogenesis, processes that also depend on zygotic 20E. The weaker phenotypes observed by EcR and usp mutational analyses, as compared to those caused by loss of 20E, may be due to maternal EcR and to the hypomorphic nature of the usp ActD148 allele used in this study. The former, we addressed by expressing EcR-DN in various tissues, using the UAS-GAL4 system. Moderate levels of EcR-DN expression, obtained by embryonic incubations at 20°C, caused morphogenetic defects reminiscent to those of zygotic EcR mutants. However, increased GAL4 activity, obtained by incubations at 29°C, produced stronger phenotypes in individual tissues that were similar to the defects seen upon loss of 20E. The results argue that EcR:Usp mediate organ morphogenetic responses to embryonic 20E, which is supported by a previous report showing that Usp can co-immunoprecipitate with EcR in embryonic extracts (Sedkov et al., 2003) . The finding that Usp is required for embryonic organ development was not foreseen. First, previous studies have shown that the Usp DNA-binding domain is dispensable for the shaping of embryonic organs (Oro et al., 1992; Perrimon et al., 1985) . Second, evidence for an ecdysone receptor consisting of EcR, but not Usp, has been reported to exist during the mid-third instar larval stage (Costantino et al., 2008) . Hence the embryonic ecdysone receptor could be composed of EcR and a partner other than Usp. Our finding, that Usp functions are required for embryonic organ morphogenesis, is not contradictory to previous studies showing that the Usp DNA-binding domain is dispensable for such functions. Usp proteins lacking the DNA-binding domain are stable proteins that can interact with EcR and exhibit activating functions in the context of EcREs (Ghbeish et al., 2001; Henrich et al., 1994) . We can however not exclude the possibility that other receptors contribute to the embryonic 20E action, since we have not analysed an usp null allele.
In our studies, we find that not all EcR activity in the embryo is detected by the GAL4-based ligand sensor system or by the expression pattern of EcRE-LacZ. Also in the imaginal eye discs it has been reported that EcRE-LacZ may not represent the complete domain of transcriptional activation by ecdysone (Brennan et al., 1998). Although the basis for this is not clear, one may speculate that the complex interactions of the ecdysone receptor with multiple gene regulatory/chromatin remodelling factors are not reproduced by the rather simple situation occurring at the EcRE-promoter driving LacZ expression.
3.2.
The function of embryonic 20E
20E is required for morphogenetic process of head involution, dorsal closure and tracheal branch growth. The finding that EcR is required in the epidermis, mesoderm and trachea for these processes to occur, argues that 20E causes broad and simultaneous EcR activity in the embryo. This is also in line with the data of Petryck et al., which indicate that 20E is produced in the ectoderm and is able to diffuse in the embryo (Petryk et al., 2003) , thereby providing a global signal. The morphogenetic arrest of individual organs upon tissuespecific inhibition of EcR further argues that different organs develop rather independently of each other. Thus, the temporal 20E signal, via tissue-autonomous EcR activity, promotes the concurrent developmental progression of these organs. Consequently, a possible role for the mid-embryonic 20E could be to provide a ''second common start'' after fertilization to assist in-phase organ development. Head involution, dorsal closure and tracheal branch growth all depend on cell shape changes and cell movements. 20E could thus mediate its functions on organ development by advancing processes underlying cytoskeletal or cell junction remodelling. For example, dorsal closure and head involution are regulated by shared signalling pathways, including the Jun N-terminal Kinase (JNK) cascade and the Decapentaplegic (Dpp) pathway, which in turn are believed to regulate changes in the cytoskeleton and cell junctions (VanHook and Letsou, 2008) . However, we find that each organ has its own way to respond to 20E, as also observed during metamorphic 20E responses (reviewed in Riddiford et al., 2000) . In the embryo, this is evident by the differential expression of the 20E-response genes, Eip75, Hr46, Blimp-1 and bftz-f1, coding for gene regulatory proteins. Embryonic 20E can also cause differential expression of effector genes in different organs, as illustrated by mmy, which encodes a UDP-GlcNAc pyrophosphorylase essential for apical extracellular matrix formation. 20E prevents premature expression of mmy in the epidermis at mid-embryogenesis, but is at the same time required to maintain high level expression of mmy in the trachea (Tonning et al., 2006) . 20E is also required for cuticle differentiation at the end of embryogenesis, a process that is not generally affected in mutants with morphogenetic defects. Cuticle differentiation spans the last third of embryogenesis and depends on the interplay between a large number of secreted and membrane-bound components. This late effect of 20E argues that it elicits a series of gene activities that lasts throughout the second half of embryogenesis, possibly mediated by the 20E-response genes. Together, the tissue-specific responses to 20E, the autonomous EcR functions and the 20E-induced gene regulators, argue that 20E interacts with different organ gene programs to assist temporal activation of organ-specific processes. Future challenges will be to understand the mode of gene regulation by embryonic EcR:Usp and how the 20E-activated receptor interferes with organ development.
4.
Experimental procedures
Fly strains
The loss of function alleles, EcR M554fs and EcR V559fs were obtained from Bloomington Drosophila Stock Centre. The EcR M554fs allele has a 22 bp deletion starting at nucleotide 2729, resulting in a frame shift within the ligand-binding domain, and EcR V559fs carries a 37 bp deletion starting at nucleotide 2743, also resulting in a frame shift within the ligand-binding domain . The usp 4 allele, also obtained from Bloomington Drosophila Stock Centre, carries a missense mutation in the DNA-binding domain (Lee et al., 2000) . The shd 7C (synonym with shd 2 ) allele is a mutation in the acceptor site of shade intron 1 (Petryk et al., 2003) and was obtained from the Tü bingen Drosophila stock collection. Homozygotes for the EMS-allele, sad 10D , develop identical phenotypes to homzygotes for shd 7C . phm XE (synonym with phm E7 ) has a stop codon at position 286 that eliminates the C-terminally positioned heme-binding site that is critical for catalytic activity of all cytochrome P450 enzymes, arguing that phm E7 is a null allele (Niwa et al., 2004 Expression studies with the GAL4/UAS system were carried out using: UAS-EcR-DN (UAS-EcR.
) , UAS-EcRA and UAS-EcRB2 (Lee et al., 2000) and UAS-ActinGFP, all from Bloomington stock centre. c381, twist-GAL4 and 69B, which express GAL4 in the amnioserosa, mesoderm and ectoderm, respectively were also obtained from Bloomington stock centre. btl-GAL4 expresses GAL4 in the developing trachea from stage 11, except in the posterior-most cells. We generated UAS-DNEcR; UAS-EcRA and UAS-DNEcR; UAS-EcRB2 for co-expression of EcR-DN with EcRA or EcRB2.
EcRE-lacZ (P{EcRE.lacZ}SS3) contains a heptamer of Ecdysone Receptor-binding sites from the hsp27promoter driving expression of b-galactosidase (Koelle et al., 1991; White et al., 1997) and was provided by C. Thummel. The enhancer-trap 1-eve-1 expresses lacZ in all tracheal cells from tracheal cell invagination at stage 11, and has been described previously (Samakovlis et al., 1996; Wilk et al., 1996) . hs-uspki /Tm6 Tb Hu (Oro et al., 1992) , provided by J. Truman, was used to rescue the usp ActD148 mutants. 
Immunohistochemistry
Embryos were fixed in 4 % formaldehyde according to standard procedures. Primary antibodies were: mouse monoclonal IgM 2A12 (1:10, Developmental Studies Hybridoma Bank; DSHB), rabbit IgG a-GFP (1:500, Molecular Probes), mouse IgG1 a-Crumbs (1:10, DSHB), mouse IgG2a a-Fasciclin 3 (1:30, DSHB) and rabbit IgG a-b-galactosidase (1:500, Jackson). Secondary antibodies used for fluorescence visualization were: Alexa 568 goat a-mouse IgM, Alexa 555 goat a-mouse IgG, Alexa 555 a-rabbit IgG and Alexa 488 goat a-rabbit IgG (all diluted 1:500, Molecular Probes). A FITC-conjugated chitinbinding probe (CBP) was used at 1:500 (New England Biolabs), and CBP-labelled embryos were mounted in Prolong anti-fade (Molecular Probes). Phenotypes were analysed using a Nikon E1000 Eclipse microscope for fluorescence imaging and BioRad Radiance 2000 for confocal imaging.
Whole-mount in situ hybridization
Antibody detection prior to in situ hybridization was adapted from Manoukian and Krause (Manoukian and Krause, 1992) . Embryos were fixed in 4% formaldehyde for 20 min, devitellinized, incubated in 3% hydrogen peroxide in methanol for 15 min and washed in methanol. Antibody labelling was according to standard procedures, except that the buffers were RNAse free (1XPBS, 0.1% Tween-20, 50 lg/ml heparin, without BSA), and 2-5 U of RNasin/250 ml were included in all antibody incubations. A biotinylated a-rabbit secondary antibody (1:500, Zymed) was used and the embryos were developed using the Vectastain ABC (peroxidase) kit. Wholemount in situ hybridizations were performed with digoxigenin-labelled RNA sense and antisense probes as described previously (Tonning et al., 2005) . RNA probes were generated from genomic templates amplified by PCR, where the reverse primer contains a T7 polymerase sequence (TAATACGACTC-ACTATAGG). The following primers were used: Eip75 (CG8127)_Fwd = 5 0 -TGC ATG TTT GAC TCG TCG AT-3 0 , Eip75 
Embryos cultured with 20E
Embryos were dechorionated, immobilized between two nylon meshes, and permeabilized by immersing the immobilized embryos in n-octane (Sigma) for 5 min. After evaporation of the octane, 0.5 ml of Schneider medium containing 5 · 10 À6 M 20-hydroxy ecdysone (Sigma) was applied to the double mesh for 2 h. The 20-hydroxy ecdysone solution was then replaced by Schneider medium and the embryos were left to develop to desired age. Control embryos received the same treatment, but without 20-hydroxy ecdysone.
Staging of sad and shd mutant embryos
The staging of sad and shd mutant embryos subjected to in situ hybridization or immunohistochemistry was determined according to the age of 2-h embryo collections. The degree of midgut constriction and accumulation of epidermal chitin can also be used to distinguish between stages 14, 15 and 16 in mutant embryos, and supported the age-dependent staging.
